Cellulose is a cell wall constituent that is essential for plant growth and development, and an important raw material for a range of industrial applications. Cellulose is synthesized at the plasma membrane by massive cellulose synthase (CesA) complexes that track along cortical microtubules in elongating cells of Arabidopsis through the activity of the protein CELLULOSE SYNTHASE INTERACTING1 (CSI1). In a recent study we identified another family of proteins that also are associated with the CesA complex and microtubules, and that we named COMPANIONS OF CELLULOSE SYNTHASE (CC). The CC proteins protect the cellulose synthesising capacity of Arabidopsis seedlings during exposure to adverse environmental conditions by enhancing microtubule dynamics. In this paper we provide cell biology and genetic evidence that the CSI1 and the CC proteins fulfil distinct functions during cellulose synthesis. We also show that the CC proteins are necessary to aid cellulose synthesis when components of the CesA complex are impaired. These data indicate that the CC proteins have a broad role in aiding cellulose synthesis during environmental changes and when core complex components are non-functional.
Plant cell walls are essential structures for directed cell growth, plant stature, cell-cell communication and adherence, and for protection against environmental factors. 1, 3, 17, 18 Most plant cell walls are built from carbohydrate-containing polymers, including cellulose, hemicelluloses and pectins, which are interlinked to form a strong but flexible architecture. 18 Cellulose is the most abundant biopolymer on Earth, and provides a load-bearing scaffold for other cell wall polymers. 12 Cellulose consists of b-1,4-glucan chains that form microfibrils via hydrogen-bonding, and are synthesized by large Cellulose Synthase (CesA) complexes (CSCs) at the plasma membrane. 12 The CSCs are made up of a catalytic core that typically consists of a heterotrimeric configuration of the CesA proteins. For example, CesA1, CesA3 and CesA6-related proteins form the catalytic core of the CSC necessary for primary wall cellulose. 5, 14 The CSCs are thought to be assembled in the Golgi apparatus and then trafficked to the plasma membrane via the trans-Golgi network (TGN;11) and a small CesA-containing compartment referred to as small Cellulose Synthase compartments (smaCCs; 8 ) and/ or Microtubule Associated Small CesA compartments (MASCs; 4 ). The delivery of the CesAs to the plasma membrane spatially coincides with cortical microtubules. 8 Once inserted into the membrane the CSCs begin to synthesize cellulose, which is extruded into the cell wall. It is believed that the cellulose microfibrils become trapped in the cell wall, and further synthesis thus leads to movement of the CSC through the plasma membrane. 12 The direction of the CSC movement is in many cells guided by cortical microtubules via the protein CELLULOSE SYNTHASE INTERACTING 1 (CSI1/POM2), which can bind to both the CesA proteins and microtubules. 2, 7, 9 Apart from the CesA proteins, several components that partake in cellulose synthesis have been identified. These include the CHITINASE-LIKE (CTL) proteins, CTL1 and 2, 16 the Glycosylphosphatidylinisotol (GPI) anchored protein COBRA, 10, 15 and the endoglucanase KORRIGAN. 13, 19 These proteins can be closely associated with the CSCs, but do not appear to have a central role in the catalytic process of cellulose synthesis. Recently, two new components of the CSC were identified. 11 These components interacted with the CesA proteins and moved together with the CSCs during cellulose synthesis. The proteins were therefore named COMPANIONS OF CELLU-LOSE SYNTHASE (CC) 1 and 2. Lesions in CC1 and CC2 did not display any major phenotypic changes compared to wildtype when grown under normal conditions; however, when grown on media supplemented with either cellulose synthesis inhibitors, microtubule inhibitors or salt, the cc1 cc2 double mutant seedlings displayed stunted growth and cell swelling.
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In vitro and in vivo work revealed that the cytosolic part of the CC proteins could interact with microtubules and promoted microtubule dynamics. The enhanced microtubule dynamics mediated by the CC proteins were, furthermore, necessary to maintain cellulose synthesis during salt stress (Endler at al., 2015) . Hence, the CC proteins are important factors for sustained cellulose synthesis during adverse conditions, which is mediated through the re-establishment of the microtubule array.
While both the CSI1/POM2 and the CC proteins can interact with both the CesAs and the microtubules it is not clear if the connection between the CSC and the microtubules is impaired in cc1 cc2 mutants. Such disruption has been shown for the csi1/pom2 mutants, which provided the basis for the notion that the protein promotes a guiding function of the CSC along the cortical microtubules during cellulose synthesis. 2, 9 To test whether the CC proteins affected microtubule-based guidance of the CSCs we assessed the alignment of the trajectories of moving CSC and the cortical microtubules using a Seedlings were germinated and grown for 2 days on MS plates, and were then transferred to plates containing 100 mM NaCl. After 2 days growth on the salt-containing media the dual-labeled line were imaged by spinning disc confocal microscopy. 11 In single frame images (left panel) the majority of YFP-CesA6 foci co-localize with microtubules. The overlapping signal of YFP-CesA6 and mCh-TUA5 in time averages (150 frames, 5 sec interval) indicating that CESAs move along trajectories of cortical MTs in cc1 cc2 double mutants. Bar dual-labeled line with YFP-CesA6 and mCHERRY-TUA5 in a cc1 cc2 mutant background under mild salt (100 mM NaCl). To promote germination, seeds were first sown on MS media and after two days seedlings were transferred to MS plates containing 100 mM NaCl. After two further days of growth the dual-labeled lines were imaged by spinning disc confocal microscopy. Fig. 1A shows that individual YFP-CesA6 fluorescent foci are predominantly associated with microtubules ( Fig. 1A; left panel) , and that the trajectories of the CSC movements clearly align with the microtubules in time average images ( Fig. 1A; right panel) . We quantified the co-occurrence of the two signals and found identical values for both, cc1 cc2 and wild-type under salt stress (Fig. 1B) . Thus, the CC proteins do not influence microtubule-based guidance of the CSCs.
To further investigate whether there are genetic interactions between the CSI1/POM2 and the CC proteins we introgressed the csi1/pom2 mutant allele pom2-4 2 into the cc1 cc2 mutant background. We found that the growth of the homozygous triple mutants was substantially reduced as compared with the cc1 cc2 and pom2-4 parent lines (Figs. 1C-E) . The mutant phenotypes appeared more severe then what would be expected by a simple additive effect between the two mutants and can therefore be considered aggravating mutations. It is plausible that the CC proteins could maintain a function that guides the CSCs, or maintains CSC function at the plasma membrane in the absence of microtubule guidance by CSI1. To explore the relationships between the CSC components and the CC proteins further, we also produced homozygous cc1 cc2 prc1-1 triple mutants. prc1-1 holds a null mutation in CesA6 that has a non-essential function in the CSC due to functional redundancy between the CesA6 and CesA6-related CesAs, namely CesA2, 5 and 9. 5, 14 Similar to the cc1 cc2 pom2-4 triple mutants, the cc1 cc2 prc1-1 triples also showed an aggravating mutant phenotype ( Fig. 1D-E) , again suggesting that the CC proteins have an important function when members of the CSC are impaired by genetic means. These data add to the functional aspects of the CC proteins and show that they maintain important functions associated with the CSC when cellulose synthesis is impaired.
Taken together, our data indicate that the CC proteins and the CSI1 have different functions at the CSC-microtubule nexus, and that the CC proteins have a role in cellulose synthesis beyond aiding the CSC during salt stress.
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